Exposure of mammalian fetuses to endocrine disruptors can increase the risk of adult-onset diseases. We previously showed that exposure of mouse fetuses to bisphenol A (BPA) caused adult-onset obesity. To examine roles of epigenetic changes in this delayed toxicity, we determined the effects of fetal mouse exposure to BPA on genome-wide DNA methylation and messenger RNA (mRNA) expression in gonadal white adipose tissues (WATs) by deep sequencing, bisulfite pyrosequencing, and real-time quantitative polymerase chain reaction. Pregnant CD-1 mice (F0) were dosed daily with 0, 5, or 500 mg/kg/d BPA during gestational days 9 to 18, and the weaned F1 animals were fed ad libitum with standard chow until they were euthanized at 19 weeks old. In the vehicle-exposed F1 animals, fggy promoter showed a clear bimodal pattern of very strong (55% to 95%) or very weak (5% to 30%) DNA methylation occurring at nearly equal incidence with no intermediate strength.
Disease concept, which includes obesity and other aspects of metabolic disease as possible consequences of prenatal exposure to hormones, malnutrition, or other types of stresses. In parallel with the development of the Developmental Origins of Health and Disease concept, another field of research focusing on the disruption of normal process of development by environmental chemicals with hormonal or antihormonal actions was emerging (2) . These chemicals, referred to as endocrine disruptors, have been related to a large number of diseases, including metabolic disease (3) .
One of the most extensively studied endocrine disrupting chemicals is bisphenol A (BPA), which is used for industrial production of polycarbonate plastics and resins and as an additive to a wide variety of common household products. A large number of studies have related developmental exposure to BPA to obesity and relevant diseases categorized as part of the metabolic syndrome (3) (4) (5) (6) . In our previous study, we exposed pregnant CD-1 mice to BPA at five different doses, from 5 mg/kg/d to 50 mg/kg/d and later in adulthood examined 19 outcomes in male mice related to metabolic disease. That study showed statistically significant, male-specific effects of the low doses of BPA on body weight at weaning and postweaning food intake and, in later adulthood, gonadal and renal fat pad weight, gonadal and renal adipocyte number, gonadal adipocyte volume, liver weight, glucose tolerance, and serum insulin, leptin, and adiponectin levels (7) . Some, but not all, of these effects were caused by a low dose of the estrogenic drug diethylstilbestrol, indicating that some of the effects of BPA are not mediated by estrogen receptors (8) . For most of these findings, statistical comparisons of nonmonotonic vs monotonic curve fit revealed that a nonmonotonic doseresponse relationship provided a significantly better fit of the data, with no statistically significant differences from negative controls found for males exposed as fetuses to the 50-mg/kg/d dose of BPA (7) .
In the present study, we focused on two of the prenatal exposure doses (5 and 500 mg/kg/d), less than the no adverse effect level currently approved by the US Environmental Protection Agency (EPA) for BPA. In contrast to the prediction by the EPA or US Food and Drug Administration that small amounts of BPA would not exert relevant influences on the health of mammals, these low doses of BPA resulted in relevant outcomes for a number of effects in our previous study (7) . To obtain insights into the possible roles of epigenetic changes in the increased risk of adult-onset obesity after prenatal exposure of mouse fetuses to low-dose BPA (7, 9) , in the present study, we examined RNA transcriptomes and genomic DNA methylomes of white adipose tissue (WAT) isolated from 19-week-old young adult mice prenatally exposed to varying concentrations of BPA. In addition to the findings from our previous study that exposure during fetal life to low doses of BPA increased the number and volume of white adipocytes in the gonadal and renal fat pads of male mice (7) , numerous other studies have shown the effects of endocrine disruptors on white adipocyte differentiation and the subsequent onset of various components of the metabolic syndrome (3) . A previous study suggested that dysregulation of WAT differentiation and lipogenesis in mice and humans at common pathways might contribute to obesity (10) .
Our integrated genomics analysis has revealed that expression of the messenger RNA (mRNA) transcripts of the Fggy carbohydrate kinase in mouse gonadal fat is regulated by bimodal DNA methylation of the fggy gene proximal to the transcription start site (TSS). Prenatal exposure to BPA eliminated this naturally occurring variation, shifting the bimodal pattern of DNA methylation at fggy promoter toward the hypomethylated state to release transcriptional suppression. Expression of Fggy mRNA is significantly correlated with body weight and gonadal fat pad weight of males. However, such a correlation was not evident for females. The Fggy protein is an enzyme that phosphorylates sugars at the entry of their intracellular metabolic pathways, and its expression is increased in mouse gonadal fat after diet-induced obesity. These observations suggest that expression of Fggy mRNA is regulated by DNA methylation at the TSS and that prenatal exposure to BPA suppresses TSS DNA methylation, resulting in enhanced expression of Fggy, which might contribute to adult-onset obesity.
Materials and Methods

Animal husbandry and dosing procedures
Three-month-old nulliparous female CD-1 mice were purchased from Charles River Laboratories (Raleigh, NC) and were housed in polypropylene cages with corncob bedding in a temperature-and humidity-controlled facility on a 12-hour light/12-hour dark cycle in an Association for Assessment and Accreditation of Laboratory Animal Care-accredited facility at the University of Missouri. Males and nonpregnant females were fed Purina 5001 maintenance chow (Nestlé Purina Petcare, St. Louis, MO). Pregnant and lactating females were fed Purina 5008 rodent breeder chow ad libitum from gestational day (GD) 0 until postnatal day (PND) 22. Water was purified by ion exchange, followed by a series of carbon filters, and supplied in glass bottles ad libitum. Animal care conformed to the National Institutes of Health Guide, and the animal care and use committee at the University of Missouri approved all procedures before the study began.
After at least a 1-week acclimation period, the females were time-mated to males, purchased from the same supplier. The mice were examined daily for the presence of a vaginal plug, and the day a plug was seen was designated as GD 0. Plugpositive females were housed two to four per cage and not handled again until GD 9. Pregnancy was confirmed by a substantial gain in body weight on GD 9 relative to GD 0. Pregnant females were randomly assigned to the following dosing groups: 0 (negative controls) or 5 or 500 mg/kg body weight/d of BPA. BPA ($99% pure; Sigma-Aldrich, St. Louis, MO) was dissolved in tocopherol-stripped corn oil (MP Biomedical, Santa Anna, CA) and fed to pregnant females once daily using a micropipette. The volume administered (;30 mL) was adjusted daily to maintain a constant dose per 1 kg of body weight. Negative controls received 30 mL of oil with no added chemical. The mice were dosed daily from GD 9 to 18, during the period of the differentiation of preadipocytes (11) . On GD 18, 1 day before parturition, all pregnant females were individually housed.
Postnatal treatment
On PND 1, the sex and weight of the mouse pups were determined. The pups were then not handled until weaning except to change the cage bedding and then only after the pups were at least 1 week old. The offspring were weaned on PND 22 and housed two to four of the same sex in polypropylene cages with corncob bedding. At this point, the mice were individually identified using an ear-notch pattern. After weaning, the mice were fed Purina 5001 rodent maintenance chow (4% fat; Nestlé Purina Petcare) ad libitum. The mice were euthanized at 19 weeks old and was performed between 2:00 and 5:00 PM by carbon dioxide asphyxiation, followed by pneumothorax. Blood was collected in heparinized syringes using a 27-gauge needle, stored at 4°C, and allowed to clot until serum separation the next day. The tissues were quickly excised, weighed, flashfrozen in liquid nitrogen, and stored at 280°C.
The mice from the vehicle-and BPA-treated groups were selected for genomic analysis based on the weight of the 19-week-old whole body and gonadal fat pad within 1.5 standard deviations of the group mean. The objective was that the mean values for these subgroups would not differ from the entire group, as described in our previous study (7) . Otherwise, mice were randomly chosen from independent litters. The flowchart outlining the sample groups and processing is shown in Supplemental Fig. 1 .
Deep sequencing analyses of genomic DNA methylomes and RNA transcriptomes
Total RNA and genomic DNA were extracted from 50-mg portions of adipose tissue using the AllPrep kit from Qiagen (Valencia, CA), following the manufacturer's instructions.
Genomic DNA methylomes were determined by methylCpG-binding domain (MBD) sequencing (MBD-seq), as described in our previous study (12) . Genomic DNA was sonicated to 200 to 300 bp fragments using a Covaris S2 sonicator (Covaris, Woburn, MA) in AFA microtubes (Covaris; 10 to 200 ng DNA in 80 mL 0.13 Tris/HCl-EDTA buffer) at 4°C. DNA size distribution was determined using Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA). DNA fragments were subjected to enrichment for fragments containing 5-methylcytosines (5meCs) using biotin-conjugated MBD of the recombinant human methyl-CpG-binding domain protein 2 [MBD-sEquation (13) ]. Reagents and protocols for enrichment of 5meC-rich genomic DNA (gDNA) fragments were provided in the MethylMiner kit (Thermo Fisher Scientific, Waltham, MA). Successful enrichment was monitored by simultaneously performing positive control reactions using kit-provided reagents. The 5meC-enriched gDNA fragments were subjected to deep sequencing library construction using the SOLiD 5500 Fragment Library Core Kit and the SOLiD EZ Bead emulsion polymerase chain reaction (PCR) system (Life Technologies, Carlsbad, CA). Deep sequencing was performed using the SOLiD 5500XL deep sequencer (50 nt; single nondirectional reads; Life Technologies). The XSQ-format raw data were converted to the csfasta/QV.qual format using the XSQ tool provided by Life Technologies. The csfasta/QV.qual sequences were aligned to the NCBI37/mm9 mouse genome reference sequence to obtain the bam formataligned read data using the ABI LifeScope color-space aligner (Life Technologies). The bam-format data of the mapped reads were examined using the fastQC deep-sequencing reads quality control tool (Simon Andrews, Babraham Institute; available at: www. bioinformatics.babraham.ac.uk/projects/fastqc/) to exclude poorquality reads from the study. Quality control-passed mapped reads were subjected to extraction of uniquely mapped reads using SAMtools (14) and then analyzed for 5meC distribution in the NCBI37/mm9 mouse genome reference using the MEDIPS R/Bioconductor package (15) with the edgeR package as its statistics backend for differential methylation analysis (Bioconductor). The numbers of uniquely mapped reads for the individual tissue samples are summarized in Supplemental Table 1 . The peak detection cutoff of MEDIPS was set as 10 times of the mean of all the 100-bp windows assigned to the whole genome sequence. The detected peaks were annotated to known genes using MEDIPS, the ChIPseeker R/Bioconductor package (Bioconductor), and Ruby scripts developed in the Shioda Laboratory. An aligned, whole genome resequencing data file (bam format) for the Mus musculus genome (C57BL/6 strain) was provided to the MEDIPS.meth function (Bioconductor) as no-enrichment input DNA. The deep sequencing tracks were visualized using the Integrated Genomics Viewer (Broad Institute) (16) .
RNA transcriptomes were determined by RNA sequencing (RNA-seq). Intact RNA integrity (RNA integrity number .9.0) of the total RNA samples was confirmed using the Agilent RNA 6000 Nano Kit for Bioanalyzer (Agilent Technologies). After ribosomal RNA removal using the RiboMinus Eukaryote System v2 kit (Life Technologies), nondirectional RNA-seq deep sequencing libraries for the ABI/SOLiD platform were constructed using the SOLiD Total RNA-seq Kit and EZ Bead (Life Technologies). The XSQ-format data generated by the SOLiD 5500XL deep sequencers (50 nt; single nondirectional reads; Life Technologies) were directly subjected to analysis using the RNA-seq pipeline of the LifeScope (Thermo Fisher Scientific), which generated the reads per kilobase exon model and million mappable reads (17) values for mouse genes annotated in mm9 (UCSC Genome Browser). Uniquely mapped reads generated by LifeScope (Thermo Fisher Scientific) were examined using fastQC (Simon Andrews, Babraham Institute) to confirm appropriate read qualities and visualized using the Integrated Genomics Viewer (Broad Institute) (16) . The numbers of uniquely mapped reads for individual tissue samples are summarized in Supplemental Table 2 . Gene ontology (GO) analysis was performed using the DAVID (Database for Annotation, Visualization and Integrated Discovery; DAVID Bioinformatics Resources, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD) online server (18) .
Pyrosequencing determination of genomic DNA methylation at the fggy promoter Cytosine methylation at the promoter of the mouse fggy gene was examined by bisulfite pyrosequencing as described in our previous study (19) . Details of the two pyrosequencing assays covering eight CpG sites 195 to 680 bp upstream of the fggy TSS are shown in Supplemental Table 6 .
Real-time quantitative PCR determination of expression of the Fggy mRNA transcripts
The amounts of the mRNA transcripts for mouse Fggy and glyceraldehyde 3-phosphate dehydrogenase were determined using TaqMan (Life Technologies) real-time quantitative PCR (qPCR). Total RNA was subjected to complementary DNA synthesis following a standard protocol and subjected to multiplexed TaqMan assay using the ABI 7500 real-time qPCR thermal cycler and TaqMan assays Mm99999915_g1 (Gapdh; VIC-labeled) and Mm01263388_m1 (Fggy; FAM-labeled) (Life Technologies). The relative expression of the Fggy mRNA across complementary DNA samples was estimated using the DD Ct method.
Statistical analysis
Statistical tests for differential means of a single parameter between two independent groups were performed using the unpaired Student t test under the homoscedastic assumption, which was supported by the F test of variances. Power analysis was performed to determine the adequate number of mice needed to detect effects of prenatal exposure to BPA on total body weight or gonadal fat weight, as previously described (7) . We recognize the limitations of applying statistical tests or power analysis on the bimodally distributing fggy promoter DNA methylation. Because expression of Fggy mRNA is affected by fggy promoter DNA methylation, analyses of this parameter using statistical methods assuming unimodal distributions are also questionable. We carefully addressed these limitations in the Discussion section. Because these limitations could have increased the risk of false-negative findings (type II errors) but not false-positive findings (type I errors), we cautiously accepted positive statistical significance detected using methods that assume unimodal distributions. Dependency of the fggy TSS DNA methylation on prenatal exposure was examined using the Fisher exact probability test. The statistical significance of the correlations between two parameters was tested using Pearson product-moment correlation coefficient using the R function "cor.test." Data were visualized using the "beeswarm" package of R (R Foundation).
Results
Prenatal exposure to low doses of BPA increase body weight and gonadal fat pad weight of male mice in adulthood
In our previous study, we showed nonmonotonic dosedependent effects of maternal oral exposure during pregnancy to BPA on adult-onset obesity in male CD-1 mouse offspring (7) . In the present study, we observed slight increases in total body weight of 19-week-old CD-1 male and female mice after prenatal exposure to a low maternal dose of BPA (5 mg/kg/d) from GD 9 to 18 but not to a higher BPA dose (500 mg/kg/d), although these changes did not reach statistical significance (Fig. 1A) . However, we did observe a statistically significant increase in the gonadal fat pad weight of young adult males after prenatal exposure to both doses of BPA (Fig. 1B) . The increase in the gonadal fat weight was more evident in males exposed to the lower dose of BPA, although the increase was statistically significant for both low-and high-dose groups. The periovarian (gonadal) fat pad weight of young-adult females prenatally exposed to the low dose of BPA increased slightly but relevantly, but the periovarian fat weight of females exposed to the higher dose of BPA remained unchanged relative to that of the controls.
Genome-wide DNA methylation profiling of adult mouse gonadal fat by MBD-seq revealed biphasic DNA methylation at the transcription initiate site of the fggy sugar kinase gene To obtain mechanistic insights into possible roles of DNA methylation in the adult-onset obesity of mice prenatally exposed to BPA, we examined the gDNA methylome of gonadal fat isolated from 19-week-old males exposed in utero to the low-dose BPA or control vehicle (oil) by MBD-seq deep sequencing. We generated 48.9 million uniquely mapped MBD-seq reads on average for each tissue specimen (six mice for each group; Supplemental Table 1 ). The combined reads of the BPA and oil groups had saturated depths to cover the mouse genome, with .45% of the CpG sites interrogated by $21 times the coverage depth (Supplemental Fig. 1 ). Genomewide DNA methylomes of the BPA and oil groups showed Figure 1 . Effects of prenatal exposure to BPA on body weight and gonadal fat weight of offspring in adulthood. Pregnant female mice were fed via a micropipette once daily with BPA dissolved in corn oil (0, 5, or 500 mg/kg body weight) from GD 9 to 18. (A) Body weight and (B) gonadal fat pad weight of male and female offspring were determined 19 weeks after birth. Each box plot indicates the median, first and third quartiles, and 95% confidence interval (n = 6). Statistical significance was determined by t test (P , 0.05).
evenly distributed DNA methylation scores across the mice with no sign of batch effects or bias (Supplemental Fig. 2A ). Unsupervised hierarchical clustering confirmed the absence of genome-wide differences or bias across the individual fat gDNA samples or exposure groups (Supplemental Fig. 2B ). The Pearson correlation coefficient of DNA methylation scores between the BPA and oil groups was 0.982, supporting the highly reproducible aspect of the MBD-seq DNA methylation analysis.
With a modest cutoff criterion (false-discovery rate ,0.05), we were able to identify statistically significant differentially methylated peaks (32 hypomethylated and 22 hypermethylated in the BPA group vs oil group; Supplemental Table 2 ). The peaks that hypomethylated in the BPA group were annotated to seven genes (cwc22, fggy, skint4, gtpbp3, bcr, rs6, peli2). Among these genes, only fggy showed strong DNA demethylation at the TSS. The peaks hypermethylated in the BPA group were annotated to nine genes (gm4788, rrp15, gm4222, ctnnbl1, skint10, zfp420, cep290, d16ertd472e, pde10a). Only the ctnnbl1 gene showed TSS-associated DNA methylation. Direct visualization of the DNA methylation deep sequencing tracks demonstrated very strong DNA methylation at the fggy TSS in three of six oil (vehicle)-exposed mice. In contrast, such TSS hypermethylation was not observed in any of the six BPA-exposed mice ( Fig. 2A) . However, DNA hypermethylation of a relatively distant promoter (12.2 kb upstream of the TSS) of ctnnbl1 was observed in three of six BPA-exposed mice, with no such hypermethylation observed in the oil group (Fig. 2B ). Highly quantitative reproducibility of the present DNA methylation analysis using MBD-seq is evident from the nearly identical DNA methylation peaks surrounding these differentially methylated peaks in both genes ( Fig. 2A  and 2B ).
Integrated analysis of transcriptomes and DNA methylomes reveals strict regulation of Fggy mRNA expression by TSS methylation
To examine whether prenatal exposure to BPA results in altered expression of mRNA transcripts, we determined the transcriptomes of the same set of gonadal fat tissues by RNA-seq. We generated 37.2 million uniquely mapped RNA-seq reads on average for each tissue specimen (Supplemental Table 3 ). Normalized reads showed no sign of batch effects (box plot; Supplemental No gene passed the conventional criteria of differential mRNA expression with multiple comparison correction Figure 2 . Differentially methylated regions in the gonadal fat genome of adult males prenatally exposed to BPA. Cytosine methylation profiles of gonadal fat genomic DNA were determined by MBD-seq for prenatally exposed male mice and visualized after normalization. (A) Hypermethylation around the TSS of fggy (red box) is observed with 50% of vehicle-exposed mice. All mice prenatally exposed to high-dose BPA and 50% of vehicle-exposed mice show hypomethylation at the same region (orange box). Differential methylation at the fggy TSS is still evident for combined data of the six vehicle-control and the six BPA-exposed mice (green box). (B) Hypermethylation at 12.2-kb upstream of the TSS of ctnnbl1 (red box) is observed with 50% in BPA-exposed mice. All vehicle/control mice and 50% of BPA-exposed mice showed hypomethylation at the same region (orange box). The differential DNA methylation is still evident for the combined data of the six vehicle-control and six BPA-exposed mice (green box).
(false discovery rate ,0.05), which was not surprising based on the absence of apparent clusters of differentially expressed genes (DEGs) in the hierarchical clustering heatmap (Supplemental Fig. 3C ). Without applying the multiple comparison correction, we were able to identify 408 DEG candidates between the BPA and oil groups (nocorrection P , 0.05; Supplemental Table 4 ). GO analysis of these 408 DEGs revealed substantial enrichment of genes encoding extracellular proteins involved in defense to wounding or inflammation, suggesting the presence of inflammation in the gonadal fat of the BPA-exposed mice ( Fig. 3A ; Supplemental Table 5 ).
Expression of Fggy mRNA was stronger in the BPA group than in the Oil group by about 1.6-fold (P = 0.04; Fig. 3B ; Supplemental Table 4 ). Importantly, expression of the Fggy mRNA in the oil/vehicle group showed a clear bimodal pattern-namely, Fggy mRNA expression was very weak in the gonadal fat tissues with strong DNA methylation at the fggy TSS and strong mRNA expression was observed in fat tissues with weak DNA methylation at the TSS ( Fig. 2A and Fig. 3B and 3C ). In contrast, all BPA mice showed strong Fggy mRNA expression with minimal DNA methylation at the fggy TSS ( Fig. 2A and Fig. 3B and 3C) . Interestingly, expression of the Ctnnbl1 mRNA was not affected either by exposure to BPA or the differential DNA methylation state at 12.2 kb upstream of the TSS (Fig. 2B and Fig. 3B and 3C) . The expression of genes adjacent to the fggy genes (tek, mysm1, and jun) or the ctnnbl1 gene (tti1 and rprd1b) and the gapdh housekeeping gene was not affected by exposure to BPA or DNA methylation at the fggy TSS (Fig. 3C) , demonstrating the strict specificity of the link between the fggy TSS hypermethylation and suppressed expression of the Fggy mRNA. Accurate quantitation of the Fggy mRNA transcripts by RNA-seq was confirmed by data visualization of the normalized deep sequencing tracks, which demonstrated exon-specific read enrichment with negligible amounts of reads outside the exons (Supplemental Fig. 4) . The normalized RNA-seq tracks shown in Fig. 3 have blurred exon-intron boundaries owing to the normalizing algorithm.
To confirm the bimodal DNA methylation state around the TSS of fggy in gonadal fat with nucleotide base resolution, we determined methylation at the eight most proximal CpG sites 162 to 680 bp upstream of the TSS by bisulfite pyrosequencing ( Fig. 4A ; Supplemental Table 7 ). Agreeing with the MBD-seq data shown in Fig. 2A , CpG methylation at the five most proximal CpG sites (162 to 285 bp upstream of the TSS) showed a clear bimodal pattern, in which one half of the oil/vehicle group tissues were strongly methylated (60% to 80%; Fig. 4A, green rectangle) . The other half of the oil/vehicle group and all the BPA group tissues were very weakly methylated (6% to 22%; Fig. 4A , blue rectangle). The three most distal CpG sites (661 to 680 bp upstream of the TSS) were hypermethylated in all groups; however, the statistically significant differences between the oil/vehicle hypermethylated tissues and the oil/vehicle hypomethylated and BPA group tissues were still maintained. Detailed analysis of the weak DNA methylation at the five most proximal CpG sites (Fig. 4A, blue rectangle) revealed that the gonadal fat tissues of the low-dose BPA group were more strongly methylated were the tissues in than the high-dose BPA group at all these CpG sites. In contrast, CpG methylation of the high-dose BPA group was largely comparable to that of the hypomethylated oil/vehicle group (Fig. 4B) .
To establish the functional link between pre-TSS CpG methylation of the fggy gene and its mRNA expression, we determined the amounts of the Fggy mRNA transcripts using a TaqMan (Applied Biosystems) real-time qPCR assay (Fig. 4C) . Reproducing the RNA-seq data shown in Fig. 3B , expression of Fggy mRNA was strong in the gonadal fat tissues of the BPA-exposed group and the TSS hypomethylated oil/vehicle group but the hypermethylated oil/vehicle tissues expressed the mRNA transcript very weakly. Thus, the strength of DNA methylation at the pre-TSS proximal CpG sites of fggy showed dichotomy (i.e., on vs off) and strong reverse correlation with expression of Fggy mRNA (Fig. 4D) , confirming that expression of Fggy mRNA is determined by the bimodal DNA methylation at the TSS.
To examine the sex-dependent TSS methylation and mRNA expression of fggy, we repeated the bisulfite pyrosequencing analysis of the eight pre-TSS CpG sites and the TaqMan assay (Applied Biosystems) of Fggy mRNA expression with gonadal fat tissues of the littermate female mice (Supplemental Fig. 5 ; Supplemental Table 8 ). The bimodal DNA methylation state at the pre-TSS CpG sites was also observed in the female gonadal fat tissues (Supplemental Fig. 5A ), and the strong reverse correlation between the TSS methylation and Fggy mRNA expression was also confirmed (Supplemental Fig. 5B and 5D ), establishing the regulation of Fggy mRNA expression by the bimodal TSS methylation state beyond sex. However, neither TSS methylation nor Fggy mRNA expression showed statistically significant differences between the oil/vehicle group and the BPAexposed group, indicating that the BPA effects on fggy TSS methylation and mRNA expression is more evident in male gonadal fat than in female gonadal fat.
To further establish that (1) hypermethylation of fggy promoter suppresses transcription, (2) normal DNA methylation of fggy promoter shows a bimodal pattern, and (3) prenatal exposure to BPA shifts the bimodal DNA methylation toward hypomethylation to release Figure 3 . RNA-seq determination of differentially expressed genes in gonadal fat of adult males prenatally exposed to BPA. RNA expression profiles of gonadal fat were determined by RNA-seq for prenatally exposed male mice. (A) GO enrichment of differentially expressed genes for biological terms, locations, and tissues. (B) Differential expression of the Fggy and Ctnnbl1 mRNA transcripts between BPA-exposed and vehiclecontrol mice. The red and green dots represent mice with hypomethylation and hypermethylation at the TSS shown in Fig. 2 , respectively. Statistical significance was tested using the t test. (C) Visualization of normalized RNA-seq data. Expression of the mRNA transcripts for Fggy demonstrated strong countercorrelation with CpG methylation at the TSS (red box, hypermethylation; orange box, hypomethylation; green box, combined data). Expression of Ctnnbl1 mRNA was not affected by methylation upstream of the TSS. mRNA expression of three most adjacent genes to Fggy (Tek, Mysm1, Jun) was not affected and is shown as controls. Tti1 and Rprd1b are the two most adjacent genes to Ctnnbl1 and shown as controls.
transcriptional repression, we performed a combined analysis of data obtained from males and females (Supplemental Fig. 6 ). Supplemental Fig. 6A shows that hypermethylation of the fggy promoter (defined as .40% cytosine methylation at the five proximal CpG sites) very strongly suppressed mRNA expression. Among the mice with hypomethylated fggy promoter, expression of Fggy mRNA transcripts varied widely, suggesting that additional, presumably sex-affected, factors are also involved in transcriptional regulation of this gene. Supplemental Fig. 6B shows a clear dichotomy of fggy promoter methylation in vehicleexposed mice (5 of 11 hypermethylated, 6 of 11 hypomethylated). In the BPA-exposed mice, this dichotomy was almost lost, with most animals (19 of 21; 90%) showing hypomethylation of fggy promoter. The Fisher exact probability test confirmed that the interpretation (i.e., fggy promoter methylation profiles differ between the BPA-and vehicle-exposed groups) was statistically significant (P = 0.032; Supplemental Fig. 6C ). These results confirmed that prenatal exposure to BPA disrupted the normal variability of fggy promoter methylation toward the hypomethylated state, releasing transcriptional suppression of this gene.
Strong Fggy mRNA expression correlates with body weight and gonadal fat weight of adult male mice but not female mice
The Fggy mRNA encodes an enzyme belonging to the FGGY carbohydrate kinase family, which is widely conserved from bacteria to humans (20) . Although substrate specificity and biological significance of each member of the FGGY kinase family show remarkable diversification, the exact roles of the enzymes encoded by Figure 4 . TSS methylation and mRNA expression of fggy in gonadal fat of adult males prenatally exposed to BPA. (A) Methylation of eight CpG sites upstream of the fggy TSS determined by bisulfite pyrosequencing. Statistical significance between the vehicle-exposed, TSS-hypermethylated mice (pale green dots) and combined other groups of mice [vehicle-exposed, TSS-hypomethylated (dark green dots), exposed to low and high doses of BPA (5 or 500 mg/kg body weight; pale and dark purple dots, respectively)] was tested using the t test. the mammalian fggy genes are unknown. To explore possible links between the adult-onset mouse obesity caused by prenatal exposure to BPA (7) and expression of fggy, we determined the correlation between both adult body weight and gonadal fat weight and fggy TSS methylation or mRNA expression. Although the body weight of 19-week-old males did not show statistically significant differences between the oil/vehicle group and the BPA-exposed groups (Fig. 1A) , the body weight of the subgroup in the oil/vehicle group revealed that fggy TSS hypermethylation was significantly lower than that in the oil/vehicle subgroup with TSS hypomethylation (Fig. 5A) . The body weight of the oil/ vehicle subgroup with fggy TSS hypomethylation was high and comparable to that of the BPA-exposed groups. In the oil/vehicle group, the gonadal fat weight of the TSS-hypermethylated and TSS-hypomethylated groups was not significantly different statistically, although it tended to be greater in the hypomethylated group (Fig. 5B) . The gonadal fat weight of the oil/vehicle, TSS-hypomethylated group was significantly lower than that in the low-dose BPA group but not different from that in the high-dose BPA group. The strength of Fggy mRNA expression determined using TaqMan (Applied Biosystems) qPCR showed a relevant correlation with both body weight and gonadal fat weight ( Fig. 5C and 5D ; Supplemental Table 9 ). These results support the link between the adult-onset male obesity phenotype of prenatal exposure to BPA and the DNA methylation state of fggy TSS and mRNA expression from this promoter. In contrast, neither body weight nor gonadal (periovarian) fat weight of the littermate females showed a relevant correlation with the fggy TSS methylation or mRNA expression (Supplemental Fig. 6 ; Supplemental Table 10 ), agreeing with the absence of BPA effects on either fggy expression or adult-onset obesity in females.
Bioinformatics evidence supporting the relevance of Fggy mRNA expression with obesity
To explore the possible relevance of Fggy mRNA expression in adult mouse gonadal fat and obesity, we examined Gene Expression Omnibus (GEO) data sets for associated studies on mouse obesity. Zhou et al. (21) reported that deficiency of the lipid droplet-associated protein fat-specific protein 27 (Fsp27) in ob/ob obesity mice caused WAT-to-brown adipose tissue (BAT) conversion, a reduction in body weight and gonadal fat weight, and diminished adipose inflammation (21) , demonstrating the importance of Fsp27 in the obesity phenotype of the ob/ob mice. We performed a GO study on the mRNA expression in gonadal fat of the Fsp27 knockout mice [Affymetrix GeneChip Mouse Gene 1.0 ST microarray; Thermo Fisher Scientific; GEO accession number, GSE22693 (22, 23)] using DAVID (DAVID Bioinformatics Resources) (18) and obtained a GO profile highly similar to the GO profile of gonadal fat of our mice prenatally exposed to BPA (Fig. 6A, compare  with Fig. 3A) . Expression of Fggy mRNA was suppressed by~50% in the gonadal fat of the Fsp27 knockout mice ( Weight of whole body and (B) gonadal fat of 19-week-old males prenatally exposed to 0, 5, or 500 mg/kg body weight BPA or vehicle during GD 9 through 18 (n = 6). Vehicle-control mice were divided into two groups (n = 3 each) according to methylation at the fggy TSS. Statistical significance to hypermethylated, vehicle-exposed mice (*P , 0.05; **P , 0.001; t test). Correlation of Fggy mRNA expression with (C) whole body weight or (D) gonadal fat weight. The x-axis indicates gonadal fat (Affymetrix GeneChip Mouse Genome 430 2.0 microarray; Thermo Fisher Scientific; GEO accession number, GDS2813]. Their transcriptome data revealed stronger expression of Fggy mRNA in WAT than in BAT (Fig. 6C) . Transcriptome data of the dietary restriction effects on mouse epididymal WAT reported by Duivenvoorde et al. (25) showed a substantial reduction in Fggy mRNA expression in mice fed a high-fat diet with calorie restriction (Fig. 6D) , indicating that fggy is a metabolically regulated gene (Agilent Whole Genome Mouse Microarray 4x44k G4122F; Agilent Technologies; GEO accession number, GDS3986). Transcriptome data reported by Yadav et al. (26) revealed substantial induction of Fggy mRNA in the gonadal fat tissues of mice after diet-induced obesity (Fig. 6E) , further supporting metabolic regulation of fggy expression (Affymetrix GeneChip Mouse Genome 430 2.0 microarray; Thermo Fisher Scientific; GEO accession number, GDS3985). Finally, our present RNA-seq data showed that expression of the mRNA transcripts for Fsp27, which is a marker of WAT vs BAT (21) , was greater in the gonadal fat of the BPAexposed group or oil/vehicle-high Fggy mRNA group (i.e., obese mice) than in the oil/vehicle-low Fggy mRNA group (i.e., lean mice; Fig. 6F ). Fsp27 mRNA expression did not show substantial difference between the BPAexposed group and the oil/vehicle-high Fggy mRNA group (i.e., among the obese mice). Taken together, these bioinformatics studies suggest that fggy is a dietaryregulated, WAT marker gene (vs BAT) downstream of Fsp27 and is induced by BPA.
Discussion
Effects of prenatal exposure to BPA on body weight and genomic DNA methylome of gonadal adipose tissues in adult mice
Our previous study showed that prenatal exposure of male mouse fetuses to low-dose BPA caused an increase in body weight and gonadal fat weight in adulthood (7). This BPA effect was evident at a very low 5-mg/kg/d oral dose, which was lower than the EPA reference (presumed safe) daily dose. At a 10,000-fold greater dose (7), all BPA effects became insignificant, providing yet another example of the nonmonotonic dose-dependent toxicity of endocrine disruptors (27) . Our present study has shown a male-specific increase in 19-week-old gonadal fat weight after prenatal exposure to BPA, which was greater with the lower dose of BPA (5 mg/kg/d) than with the higher dose (500 mg/kg/d; Fig. 1B) . Although not statistically significant, the body weight of the BPA-exposed mice tended to be greater than that of the oil-exposed control mice (Fig. 1A) .
Genome-wide screening of differential DNA methylation by MBD-seq between adult gonadal fat with or without prenatal exposure to the low dose of BPA identified the TSS of the fggy gene and a 12.2-kbp upstream from the TSS of the ctnnbl1 gene ( Fig. 2A and 2B ). Fggy is a carbohydrate kinase involved in activation of various sugars for metabolic processes (20) . Ctnnbl1 is a nuclear protein whose function is presumed to be relevant to mRNA splicing (28) . Expression of the Fggy mRNA transcripts determined by RNA-seq correlated negatively with fggy TSS methylation, which was diminished by prenatal exposure to BPA. In contrast, expression of Ctnnbl1 mRNA was unaffected by the BPA-induced DNA hypermethylation 12.2 kb upstream of its TSS ( Fig. 3B and 3C) .
A genome-wide association scan for obesity involving 1000 US-dwelling whites revealed a relevant link between human CTNNBL1 single-nucleotide polymorphisms (SNPs) (29) , which was confirmed by two independent case-control studies of 3812 French whites (29) or 18,014 combined Danish cohorts (30) and in a recently reported meta-analysis (31) . Although Ctnnbl1 mRNA expression in gonadal fat was not directly affected by prenatal exposure to BPA, the established importance of CTNNBL1 in human obesity would justify further analysis of possible BPA effects on Ctnnbl1 mRNA in various conditions such as diet restriction or diet-induced obesity, which should be addressed in future studies.
Although a whole-genome association study reported a possible link of human FGGY SNPs to amyotrophic lateral sclerosis (12) , the relevance of human or mouse fggy/FGGY genes to obesity has not been recognized yet. A genome-wide association study performed by Santana et al. (32) identified a genomic region containing six SNPs significantly linked to average daily weight gain of Nellore-trait Brazilian cattle (Bos indicus) and showed that fggy was one of the most closely located genes to this region, although the metabolic characteristics of the cattle were not examined.
Expression of Fggy mRNA is regulated by bimodal DNA methylation at the TSS and positively correlates with parameters of the adult-onset obesity phenotype
Our present study has revealed that expression of the mRNA transcripts of fggy in mouse gonadal adipose tissue is regulated by DNA methylation at the TSS in both males and females. DNA methylation at the proximal pre-TSS CpG sites (within 300 bp from the TSS) showed a clear dichotomous pattern (i.e., their methylation levels were in either the "on" or "off" state without intermediates; Fig. 4A; Supplemental Fig. 5A ). Expression of Fggy mRNA also showed a dichotomous pattern (Fig. 3B) , with a strong negative correlation with TSS methylation ( Fig. 4D; Supplemental Fig. 5D ).
Prenatal exposure of male fetuses to BPA shifted the pre-TSS CpG sites to the demethylated state, resulting in enhanced expression of Fggy mRNA ( Fig. 4B and 4C ). This BPA effect was stronger with the lower dose of BPA than with the higher dose (Fig. 4B) , agreeing with the nonmonotonic dose dependency of prenatal BPA exposure observed with obesity (7) and other toxic effects (27) . In contrast, prenatal BPA exposure did not affect fggy TSS methylation or mRNA expression in female gonadal fat (Supplemental Fig. 5C ), although mRNA expression was related to promoter methylation (Supplemental Fig. 5D ), agreeing with the male-specific toxicity of prenatal exposure to BPA causing adult-onset obesity (7) .
When the oil/vehicle group and BPA group males were combined, their Fggy mRNA expression in gonadal fat was statistically significantly correlated with the body weight and the weight of the gonadal fat ( Fig. 5C and 5D ), indicating that Fggy mRNA expression reflects the adult-onset obesity phenotype of male mice prenatally exposed to BPA. In contrast, fggy TSS methylation, Fggy mRNA expression, and BPA exposure did not substantially affect the total body weight or periovarian fat weight of females (Supplemental Fig. 6 ), suggesting that possible metabolic roles of fggy is distinct between male and female adipose tissues.
Dalgaard et al. (33) recently reported that haploinsufficiency of the Trim28 protein complex involved in heterochromatin formation resulted in stochastic bimodal obesity of adult mice. The obesity phenotype was observed in a non-Mendelian, "on-or-off" manner without intermediates. Although the investigators did not identify the source of the bimodal obesity, they suggested that the dichotomy of body weight might have been affected by animal density or temperature of the housing conditions (33) . In our present study, the source of the bimodal TSS methylation of fggy has not yet been identified, and future studies should address the possible factors affecting fggy TSS methylation. A candidate of such factor is the intrauterine positioning (IUP) of mouse fetuses. A series of our previous studies established that mouse fetuses situated next to male fetuses have elevated serum testosterone with reduced serum estradiol relative to fetuses situated next to female fetuses owing to the rostral-to-caudal diffusion of steroids between fetuses (34) (35) (36) . Because the intrauterine position of a fetus can be directly caudal to either a male or a female with 50/50 random probability, phenotypic variations relevant to physiological IUP tend to divide fetuses of the same sex to significantly distinct groups (37) . In our previous study, we demonstrated that interaction between IUP and prenatal exposure to low-dose BPA affected postnatal growth and sexual maturation of CF-1 mice (38, 39) . Thus, when CF-1 mouse fetuses were prenatally exposed to low-dose BPA and their total body weight was determined 22 days after birth, the fetuses positioned between two females (hence, receiving the greatest levels of endogenous estrogens) showed a substantial BPA effect (i.e., increased body weight). However, this effect was not observed with fetuses positioned between two males (receiving the lowest levels of endogenous estrogen) (38) . Similarly, the first vaginal estrus occurred earlier in the BPA-exposed females positioned between two females, although no BPA effect was observed with females positioned between two males (38) . The significance of these findings, together with the findings reported in the present study, is that a naturally occurring variation is present in the phenotype within a population owing to a variety of physiological and environmental factors. Both our previous study, using the inbred CF-1 mice (38) , and the present study, using the outbred CD-1 mice, showed that the outcomes of prenatal exposure to BPA are dependent on naturally occurring, biological variability. Without properly considering such normal variability, the effects of prenatal exposure to BPA could very easily be overlooked.
The objective of the present study was to explore the epigenetic mechanisms of the phenotype reported in our previous study-namely, adult-onset obesity of male CD-1 mice prenatally exposed to BPA (7) . We have demonstrated a substantial correlation between the obesity phenotypes of CD-1 mice and the epigenetically regulated expression of fggy (Fig. 5) . Because the strain of mouse can affect the responses to diet-induced obesity (40) , future studies should address whether adult-onset obesity is also observed with prenatally exposed fetuses in different strains and/or whether the bimodal promoter methylation of fggy is also observed. Because CD-1 is an outbred strain, the genetic variation among the individual mice is greater than that of inbred strains. Fengler et al. (41) reported that CD-1 mice responded to a high-fat diet more modestly than did the inbred strains C57BL/6 and 129Sv, possibly reflecting the genetic heterogeneity of CD-1.
Prenatal exposure to BPA might affect the functional heterogeneity of the adipose tissues
In the present study, we found that prenatal exposure to BPA disrupted the normal, bimodal-pattern variability of fggy promoter DNA methylation in gonadal WATs toward the hypomethylated state to release transcriptional suppression in both males and females ( Fig. 4 ; Supplemental Figs. 5 and 6 ). The dichotomy of the fggy TSS methylation and the Fggy mRNA expression divided the oil/vehicle-exposed mice into two groups. The subgroup weakly expressing Fggy mRNA had a significantly lower body weight compared with the BPA-exposed mice, and the body weight of the mice strongly expressing Fggy mRNA was comparable to that of the BPAexposed mice (Fig. 5A) . Thus, the true effect of BPA on animal body weight became evident only after considering the stochastic dichotomy of the fggy TSS.
The effects of hormonally active xenobiotics on mammalian model mice are generally modified by multiple biological factors, including species/strains, age, sex, food, stress, circadian rhythm, microbiome, and exposure dose, method or route, and the presence of other xenobiotics. Thus, the commonly accepted objective of developing an animal experiment design is to minimize such variations between the exposed group and the control group. In this context, the existence of naturally occurring variability is often overlooked or is merely considered as a source of insignificant "noise" in the data. However, in our present study, we observed that prenatal exposure to BPA disrupted (or cancelled) the normal bimodal DNA methylation pattern of fggy promoter, shifting the nearly 50/50 incidence of DNA hypermethylation and hypomethylation to mostly demethylated state. Although Fggy mRNA expression from the hypermethylated promoter was strongly suppressed, mRNA expression of hypomethylated promoter varied widely, presumably reflecting the involvement of other factors. This situation imposes unique challenges in the statistical analysis of the data. In general, the statistical procedures commonly used in endocrinological and/or toxicological studies attempt to detect changes in the mean or median, and thus, they assume that the data for both controls and exposed subjects will have the same shape of distributions and/or symmetrical distributions. Such assumptions are applicable to all the parametric tests (e.g., analysis of variance, t test), many standard nonparametric tests (e.g., Mann-Whitney U, Wilcoxon, Kruskal-Wallis), and power analysis procedures. In the absence of proper knowledge of the naturally occurring variabilities affecting the biological outcomes of xenobiotic exposure, statistical tests can easily, and inadequately, result in "negative" (i.e., the null hypothesis cannot be discarded) simply because the outcomes do not directly affect the means or medians but other aspects of the parameters in question. A shift of ratio between two bimodal states after exposure (e.g., fggy promoter DNA methylation) is a typical example that is not readily detectable without knowledge that the parameter in question follows a discontinuous distribution with two distant peaks. We speculate that the lack of adequate knowledge on the distribution of the parameters in question could result in poor reproducibility of animal experiments involving xenobiotic exposure, even when the experiments have been performed under the commonly accepted standard of study design.
It is also important to recognize that the power analysis, which is commonly involved in studies of endocrinology or toxicology to estimate the sample size (e.g., number of animals) required to detect an anticipated effect with a given degree of confidence (i.e., statistical power), is dependent on assumptions of the statistical tests performed. Thus, in most studies, a power analysis is performed under an assumption that the distribution of data in question will have only one peak (i.e., the data follow a unimodal distribution). When this assumption is not fulfilled, such as the bimodal distribution of fggy promoter DNA methylation shown in the present study, the standard process of power analysis performed in the absence of knowledge on the shape of data distribution will not generate valid information. Expression of Fggy mRNA is affected by promoter DNA methylation; hence, the applicability of the conventional power analysis to this parameter is also questionable. An inadequate power analysis of data potentially affected by multimodal biological variations can increase the risk of false-positive experiments, negatively affecting the reproducibility of studies, although adequate management of multimodal biological phenomena or toxic effects with power analysis and statistical testing is a complex and challenging subject.
The Fggy mRNA encodes an enzyme belonging to the FGGY family of carbohydrate kinases, which activate various sugars by phosphorylation as the first step of carbohydrate metabolism (20) . However, the physiological importance of the Fggy enzyme in mammalian tissues remains to be identified, although its possible roles in metabolism of carbohydrates and lipids are predicted. Our bioinformatics study suggests that expression of Fggy mRNA in the epididymal WAT is affected by metabolic stresses-namely, Fggy mRNA expression is suppressed by dietary calorie restriction (Fig. 6D) but is augmented by diet-induced obesity (Fig. 6E) . Expression of Fggy mRNA is diminished in the gonadal WAT of Fsp27-null mice (Fig. 6B) , suggesting a link between Fggy mRNA expression and Fsp27 function.
The GO profiles of the gonadal WAT of the BPAexposed mice (present study; Fig. 3A ) and the Fsp27-null mice [Zhou et al. (21) and Xu et al. (22) ; Fig. 6A ] showed remarkable similarities in that both profiles are enriched in response to wounding/acute inflammation. Induction of inflammation genes was previously observed with mouse WAT undergoing delipidation after dietary intake of trans-10, cis-12-conjugated linoleic acid (42) , suggesting the involvement of inflammatory responses in the accumulation and loss of fat in adipose tissues.
In human and mouse adipocytes, Fsp27, which is also known as human CIDEC (cell death-inducing DFF45-like effector C), interacts with adipose triglyceride lipase to regulate lipolysis (43) . Fsp27/CIDEC promotes the development of alcoholic steatohepatitis in the mouse and human liver (44) . In mice, Fsp27 deficiency causes WATto-BAT conversion, or browning, of the adipose tissue subtype (21) , and expression of Fggy mRNA in mice adipose tissue is stronger in WAT than in BAT (Fig. 6C) . Finally, RNA-seq data from our present study revealed that expression of Fsp27 mRNA was stronger in the epididymal WAT of BPA-exposed or Fggy mRNA-high oil/vehicle mice than in the Fggy mRNA-low oil/vehicle mice (Fig. 6F) . Taken together, our data and bioinformatics study suggest that strong expression of both Fggy and Fsp27 mRNA is linked to the white state of the gonadal fat, which increases with excess dietary calories, and that prenatal exposure to BPA might pressure this fat tissue to an "excessively white" state.
Mouse adipocytes consist of three discernible subtypes (i.e., white, beige, and brown adipocytes) (45) . The UCP1 2 white adipocytes and the UCP1 + beige adipocytes can be derived from a common, PDGFR-a + white adipocyte precursor cell (46, 47) . The beige adipocytes can also be directly derived from the differentiated white adipocytes (48) . Resembling the brown adipocytes, the beige adipocytes effectively generate heat by consuming the fat-derived calories in mitochondria in the presence of the uncoupling protein UCP1. The bimodal and concomitant expression of Fggy and Fsp27 mRNA transcripts in the gonadal fat and its fixation to the highexpression state in the BPA-exposed mice might suggest that the developmental program of the physiological plasticity between the white and beige state of this WAT is disrupted by prenatal exposure to BPA. This notion is consistent with the reported importance of the normal development of BAT during a critical developmental window of mice to prevent obesity (49) . In this context, it is interesting that our previous study detected remarkable upregulation of the mRNA transcripts encoding mitochondrial uncoupling proteins UCP1, UCP2, and UCP3
in MCF-7 human breast cancer cell culture exposed to various estrogenic endocrine disruptors, including BPA or phytoestrogens (genistein and daidzein), but not to 17b-estradiol at marker gene-standardized doses (50) , suggesting possible effects of these endocrine disruptors on the development of BAT. To obtain further insights into the possible physiological dichotomy of the white and beige state of WAT and how BPA affects such developmental programming, it will be important to elucidate the molecular mechanisms of the stochastic dichotomy of the fggy TSS in future studies.
Although the bimodal CpG methylation of fggy TSS and concomitant suppression of Fggy mRNA expression was observed in both male and female gonadal fat tissues, the effect of prenatal exposure to BPA was observed only with male gonadal fat ( Fig. 4; Supplemental Fig. 5 ). In rats, female (periovarian) gonadal fat expresses peroxisome proliferator-activated receptor g2, a fat "browning" gene, more strongly than male (epididymal) gonadal fat, agreeing with the histological characteristics that rodent periovarian fat is a patchwork of brown/beige and white adipocytes (45, 51, 52) . Thus, the sex-dependent difference in BPA effects on adult-onset obesity might result from the different regulation of the white/brown ratio in epididymal fat and periovarian fat. Because the effects of prenatal exposure to BPA often follow nonmonotonous dose-response curves [reviewed by Vandenberg et al. (27) and observed in our previous (7) and present studies], it is possible that the optimal BPA dose to induce relevant effects in epididymal fat (5 mg/kg/d) or the other dose tested in the present study (500 mg/kg/d) was too low or too high for the periovarian fat, potentially owing to the apparent differences in regulating WAT/BAT differentiation. However, because prenatal exposure of males and females to BPA is known to lead to distinct adult-onset outcomes owing to differences in the postpubertal hormonal conditions involving developmental alterations in the neuroendocrine system (53, 54) , optimization of dosing in females might not be sufficient to elicit relevant BPA effects in periovarian fat.
Based on our present study, we propose a model of epigenetic regulation of Fggy mRNA expression (Fig. 7) . In the unexposed male and female fetuses, unidentified endogenous signaling might determine the bimodal state of fggy TSS methylation, which might be relevant to the differentiation of adipose tissues to the white or beige adipocytes. In male fetuses, prenatal exposure to BPA could disrupt such endogenous signaling, shifting the fggy TSS methylation to the unmethylated state, permitting expression of the Fggy mRNA transcripts. Expression of Fggy mRNA and Fsp27 mRNA might be linked to the maintenance of the white state of adipocytic differentiation of gonadal fat. Owing to the greater degree of brown/beige adipocytic differentiation, female periovarian fat might be resistant to the BPA effect.
In conclusion, our present study revealed that expression of Fggy mRNA in male gonadal fat is partly regulated by stochastic but balanced dichotomy of DNA methylation state at the proximal promoter of fggy. Prenatal exposure to low-dose BPA (but not high-dose BPA) disrupted this naturally occurring variability in DNA methylation toward the hypomethylated state, releasing epigenetic suppression of fggy transcription and thus augmented expression of Fggy mRNA. Bioinformatics studies provided evidence that expression of Fggy mRNA is linked to development of adipose tissues Figure 7 . A model of BPA effects on epigenetically regulated expression of fggy. In the absence of BPA, the fggy promoter shows naturally occurring, balanced dichotomy of CpG methylation in adult epididymal fat. Promoter hypermethylation suppresses expression of fggy, which encodes a carbohydrate kinase. Exposure to high-dose BPA maintains this natural variation. Prenatal exposure to low-dose BPA disrupts the balanced dichotomy of fggy promoter DNA methylation, releasing transcriptional suppression to increased expression of Fggy mRNA. The total body weight and epididymal fat weight of males exposed to low-dose BPA increased. The observed obesity phenotype might involve augmented sugar activation by Fggy and/or imbalance in brown and white adipocytes ratio in WATs.
and diet-induced obesity. Taken together, it has been suggested that prenatal exposure to low-dose BPA might disrupt the physiological plasticity of fggy expression in both males and females, resulting in adult-onset obesity in a male-specific manner owing to other sexdependent factors.
